The genomic RNA of a porcine reproductive and respiratory syndrome virus (PRRSV) isolate from the U.S.A., VR 2385 (ATCC), was copied into cDNA after priming with oligo(dT) and cloned into phage lambda. The eDNA clones representing the T-terminal genomic RNA of the virus were isolated and sequenced. The genome is a positive-stranded, polyadenylated RNA with an estimated size of 15 kb. Analysis of the resulting sequence identified three complete open reading frames (ORFs) with the potential to encode polypeptides with predicted Mrs of 22-2K (ORF 5), 19.1K (ORF 6) and 13-6K (ORF 7). ORF 7, which is closest to the 3' end, is predicted to encode a highly basic nucleocapsid protein displaying 58 % amino acid identity to the corresponding protein of the Lelystad virus (LV), a European PRRSV isolate. ORFs 6 and 5, preceding ORF 7, are each predicted to encode proteins containing several hydrophobic domains that are thought to be membraneassociated. The VR 2385 ORF 6 protein is the most conserved structural protein. It has 78 % amino acid identity to the equivalent LV protein, and ORF 5 shares only 54% of its amino acid sequence. Northern blot analysis revealed a 3'-coterminal nested set of six subgenomie RNAs in VR 2385 virus-infected CRL 11171 calls. Our results indicate that VR 2385, like LV, is a member of the newly proposed arterivirus group. However, the striking genetic variation and the difference in pathogenicity between LV and VR 2385 suggest that the viruses causing PRRS in the U.S.A. and Europe are highly variable and they may represent different genotypes.
Porcine reproductive and respiratory syndrome (PRRS) appeared in the U.S. A. in 1987 A. in (Hill, 1990 and was rapidly recognized around the world (Keffaber, 1989; Paton et al., 1991; Wensvoort et al., 1991; Dea et al., 1992) . The disease is characterized by severe reproductive failure in sows, respiratory disease in young pigs and an influenza-like syndrome in grower-finisher pigs (Loula, 1991; Wensvoort et al., 1991; Terpstra et al., 1991; Christianson et al., 1992; Benfield et al., 1992) . Many other names have been used to describe this syndrome, such as mystery swine disease, swine infertility and respiratory syndrome (SIRS), porcine epidemic abortion and respiratory syndrome (PEARS), blue ear disease, Heko-Heko disease and so on (reviewed by Paul et al., 1993 ). An apparently new virus (PRRSV) was demonstrated to be the causative agent of PRRS.
In Europe the Lelystad virus (LV) was isolated and demonstrated to be the The nucleotide sequence data reported in this paper have been deposited with the GenBank database and assigned the accession number U03040.
causative agent of the European PRRS . The LV is a small, enveloped, ssRNA virus. Its genome is polyadenylated and about 15 kb in length. Eight open reading frames (ORFs) have been identified and are organized in a similar way to those of the coronaviruses (Meulenberg et al., 1993a) . ORF la and lb in the 5' half of the genome are predicted to encode the viral RNA polymerase. ORFs 2 to 6 in the 3' half of the genome are likely to encode viral membraneassociated proteins. ORF 7 encodes the nucleocapsid protein (Meulenberg et al., 1993a) . An approximately 5 kb nucleotide sequence of the 3'-terminal genomic RNA from another European PRRSV isolate has also been determined (Conzelmann et al., 1993) and it has a nucleotide sequence almost identical to the corresponding region of LV. In the U.S.A., PRRSV has been isolated and antigenically characterized in primary porcine alveolar macrophages (PAM) as well as in two continuous cell lines, CL 2621 and CRL 11171 from the ATCC (Benfield et al., 1992; ; P. S. Paul, P. G. Halbur, X.-J. Meng & M. A. Lure, unpublished results) . The U.S. isolates can be grown to a titre of 10 ~ to 107 TCID~o/ml in both PAM and the two cell lines. However, up to the present little is known about the genetic and biochemical nature of U.S. PRRSV isolates or their genetic relatedness to European PRRSV isolates.
Both the U.S. PRRSV and the European LV have been tentatively classified in a newly proposed group of positive-stranded RNA viruses, which includes equine arteritis virus (EAV), lactate dehydrogenase-elevating virus (LDV) and probably simian haemorrhagic fever virus (SHFV; Plagemann & Moennig, 1992) . Viruses in this group form a T-coterminal nested set of five to seven subgenomic mRNAs and contain a common 5'-terminal leader sequence (den Boon et al., 1991 ; Kuo et al., 1991 Kuo et al., , 1992 Conzelmann et al., 1993; Meulenberg et al., 1993 a, b; Chen et al., 1993; Godeny et al., 1993) . Recent serological and biophysical data suggest that the U.S. PRRSV and European LV are the same virus, although a complete comparative study of these two viruses has not yet been completed. However, antigenic variation does occur, not only between the U.S. PRRSV and the European LV, but also among different U.S. PRRSV isolates (Wensvoort et al., 1992) . The European PRRSV isolates are antigenically and genetically related (Wensvoort et al., 1992; Conzelmann et al., 1993; Meulenberg et al., 1993a) . European LV apparently replicates preferentially in PAM and replicates to a low titre in other cell cultures (Wensvoort et al., , 1992 Wensvoort, 1993) , whereas the U.S. PRRSV can grow to a relatively high titre (106 to 107 TCIDs0/ml) in both PAM and CL 2621 and CRL 11171 cells. Molecular characterization of the U.S. PRRSV isolates is necessary to understand the relevance of these differences.
We have isolated and antigenically characterized a U.S. PRRSV isolate, ATCC VR 2385 in the CRL 11171 cell line (P. S. Paul, P. G. Halbur, X.-J. Meng & M. A. Lum, unpublished results) . Experimental reproduction of the disease with the VR 2385 isolate and comparison of the pathogenicity of several other U.S. PRRSV isolates have also been performed. The VR 2385 virus experimentally infected specific pathogen-free pigs and caesarean-derived colostrum-deprived pigs had severe interstitial pneumonia, mild myocarditis and encephalitis. The gross and microscopic lesions were more severe and had some unique features compared to those caused by several other U.S. PRRSV isolates and the European LV (P. G. Halbur, P. S. Paul & X.-J. Meng, unpublished results) . It is believed that VR 2385 virus is one of the most virulent PRRSV isolates. In the present paper we describe the molecular cloning and sequence analysis of the T-terminal portion of the genome of VR 2385. We have also analysed the VR 2385 virus genomic and subgenomic RNAs in infected CRL 11171 cells by Northern blotting.
The PRRSV strain VR 2385 was isolated from the lung of a pig in a herd which had experienced PRRS with persistent severe nursery-pig pneumonia. The CRL 11171 cell line was used to isolate and propagate VR 2385. The virus was then biologically cloned by three rounds of plaque purification and grown on the CRL 11171 cell line. VR 2385 was demonstrated to fulfil Koch's postulates by the experimental reproduction of the disease and the re-isolation of the virus from experimentally infected pigs. For isolation of PRRS viral RNA, CRL 11171 cells were infected with the virus at a m.o.i, of 0-1. When more than 70 % of the infected cells showed cytopathic changes, the cultures were frozen and thawed three times and the culture medium was clarified by low-speed centrifugation at 1000 g for 15 min at 4 °C. The virus was then precipitated by stirring with 7% polyethylene glycol 8000 and 2-3% NaC1 at 4°C overnight and subsequently pelleted by centrifugation. The virus pellets were resuspended in 2 ml of TE buffer (10 mM-Tris-HC1 pH 8-0, 1 mM-EDTA) and added to a caesium chloride gradient (1.1245 to 1.2858 g/ml). After ultracentrifugation at 28000r.p.m. (Beckman SW41 rotor) for 10 h at 20 °C, a clear band with a density of 1"15 to 1.18g/ml was observed and collected. The infectivity titre of this band was determined to be 10 n TCIDs0/ml by an indirect immunofluorescence assay with both convalescent sera against VR2385 virus and a monoclonal antibody (SDOW-17) against VR2332 (Nelson et al., 1993) . PRRSV particles were also observed in this band by negative-staining electron microscopy (data not shown). Viral RNA was isolated using the guanidinium isothiocyanate method (Sambrook et al., 1989) . Poly(A) + RNA was then enriched by oligo(dT)-cellulose column chromatography (Invitrogen). A eDNA library was subsequently constructed. Briefly, first-strand cDNA was synthesized from polyadenylated RNA, using 01igo(dT) primers with a XhoI restriction site by reverse transcription. The nucleotide mixture in first-strand cDNA synthesis contained normal dATP, dGTP, dTTP and the analogue 5-methyl dCTP which protected the eDNA from the restriction enzyme used in subsequent cloning steps. Second-strand eDNA was then prepared with RNase H and DNA polymerase I in the presence of normal dNTPs. The eDNA termini were blunted with T4 DNA polymerase, ligated to EcoRI adaptors with T4 DNA ligase and subsequently phosphorylated by T4 polynucleotide kinase. The eDNA fragments were digested with Xhol and selected for size on 1% agarose gels. The eDNA fragments larger than 1 kb were selected and purified with a GENECLEAN kit (Bio 101). The purified eDNA fragments were then ligated into lambda phage ZAP vector arms engineered with XhoI and EcoRI cohesive ends (Stratagene). The ligated vector was packaged into infectious phages with lambda extracts. Escherichia coli SURE strain cells were used for transfection and the library was subsequently amplified and titrated in E. coli XL-1 blue strain cells (Stratagene). The library had a titre of 107 p.f.u./ml. To identify the VR 2385 virus-specific clones in the cDNA library, three sets of primers based on the available nucleotide sequence of LV (Meulenberg et al., 1993a) were initially designed and synthesized. One set of these primers, PP105 (5' CTCGTCAAGTATGGCC-GGT 3') and PP106 (5' GCCATTCACCTGACTGTCA 3'), is complementary to nucleotides in the nucleocapsid gene region. A second set, PP106 and PP107 (5' TTGACGAGGACTTCGGCTG 3'), is complementary to nucleotides flanking ORFs 6 and 7 and the third set, PM541 (5' GCTCTACCTGCAATTCTGTG 3') and PM542 (5' GTGTATAGGACCGGCAACAG 3'), is located in the ORF lb region of the LV sequence. Attempts to generate probes to screen the library by PCR using the VR 2385 virus with these three sets of primers failed, indicating that there was extensive sequence variation between VR 2385 and LV. However, we were able to identify the authentic plaques representing VR 2385 virus-specific cDNA by the differential hybridization technique (Sambrook et al., 1989) . Briefly, the library was plated on XL-1 blue cells and plaques were lifted onto nylon membranes in duplicates. The membranes were then denatured with 0-5 M-NaOH and 1"5 M-NaC1 for 5 min and neutralized with 0.5 r+Tris-HC1 pH 7.0 and 1.5 M-NaC1 for 5 min as described elsewhere (Sambrook et al., 1989) . Two cDNA probes were synthesized from mRNAs isolated from VR 2385 virus-infected and mock-infected CRL 11171 cells using random primers in the presence of [a2p]dCTP (Amersham). The two probes were then purified with Sephadex G-50 columns (Boehringer Mannheim) and hybridized with duplicate nylon membranes at 42 °C with 50 % formamide. Plaques that hybridized with the probe prepared from virus-infected cells, but not with the probe prepared from mock-infected cells, were isolated. The specificity of the cDNA clones was further confirmed by hybridization with RNAs from VR 2385 virusinfected CRL 11171 cells, but not with RNAs from mock-infected CRL 11171 cells. The phagemids containing viral cDNA inserts were rescued from the positive plaques by in vitro excision using the G408 helper phage. The rescued phagemids were then amplified on XL-1 blue cells. Identification of the clones containing larger PRRSV cDNA inserts was accomplished by plaque hybridization (Sambrook et al., 1989) with probes generated by PCR. The primers used for PCR (PP286, 5' GCCGCGGAACCATCAAGCAC 3'; PP287, 5' CAA-CTTGACGCTATGTGAGC 3'; DP585, 5' GCTTTG-CTGTCCTCCAAG 3'; DP586, 5' GATGCCTGACAC-ATTGCC 3') were designed on the basis of the available nucleotide sequence of the initial and subsequent positive cDNA clones. PCR was performed according to the procedures described previously . Plasmids containing viral cDNA inserts were purified as described elsewhere (Sambrook et al., 1989) using QIAGEN columns and subsequently sequenced by the dideoxynucleotide chain termination method of Sanger (Sambrook et al., 1989) with an automated DNA sequencer (Applied Biosystems). Both universal and reverse primers as well as five internal oligonuncleotide primers, PP286, PP287, PP288 (5' GCGGTCTGGAT-TGACGACAG 3'), PP289 (5' GACTGCTAGGGCTT-CTGCAC 3') and PP386 (5' GCCATTCAGCTCACA-TAGCG 3'), were used to determine the sequence. Sequences were obtained from at least three separate clones for any given region of the 3'-terminal part of the genome. Additional clones or regions were sequenced when any sequence data were ambiguous. The nucleotide sequence data were assembled and analysed with the Geneworks (IntelliGenetics) and MacVector (International Biotechnologies) computer programs. Very few nucleotide differences were found among sequences of independent cDNA clones. The number of A residues in the poly(A) tail varied between different cDNA clones, indicating that they represented independent cDNA molecules. However, the length of the poly(A) tail was at least 13 nucleotides. The cDNA sequences in the extreme 3' end of different cDNA clones were found to be identical, indicating that these oligo(dT)-primed clones contained the complete 3' end of the VR 2385 RNA genome.
Three large ORFs, ORF 5, ORF 6 and ORF 7, were identified in the 2 kb T-terminal sequences. Another, ORF 4, at the 5' end of the sequence was incomplete. All three complete ORFs had a coding capacity of more than 100 amino acids. They overlapped each other by 13 bp between ORFs 5 and 6 and by 8 bp between ORFs 6 and 7. These ORFs each encoded a polypeptide with predicted sizes of 22.2K, 19.1K and 13.6K respectively (Table 1) . ORF 7 encoded a very basic and hydrophilic protein, 123 amino acids in length, which was five amino acids shorter than the corresponding protein of LV. Basic amino acids (lysine, arginine or histidine) constituted 20.4 % of the residues in this sequence, and only 6"5% of the residues were acidic (aspartic or glutamic acid). This gene product showed a 58% amino acid identity with the ORF 7 protein of LV, which was predicted to be the nucleocapsid protein (Fig. 1 ). There was a sequence of 22 amino acids in the ORF 7 protein of LV and VR 2385 ( Fig. 1 c, positions 46 to 66) which was extremely conserved, with 19 out of 22 amino acids being identical. One of the differences was the presence of isoleucine in LV and a structurally similar amino acid, valine, in VR 2385. This conserved amino acid region was much more basic than the overall nucleocapsid protein. Approximately 40 % of the amino acids in this region were arginine, histidine and lysine. This short region of conserved amino acids may function as the site of interaction with the viral genomic RNA, similar to the region found in the nucleocapsid proteins of coronaviruses (Kapke & Brian, 1986) . ORF 7 of VR 2385 was predicted to encode the viral nucleocapsid protein because of its highly basic amino acid composition, and its similarities with the LV nucleocapsid protein.
In contrast to ORF 7, ORFs 5 and 6 were very hydrophobic. Several hydrophobic domains, which possibly represented membrane-spanning fragments, were identified in both ORFs (data not shown). The characteristics of VR 2385 ORFs 5 and 6 resembled those of LDV, EAV and LV (Den Boon et al., 1991 ; Plagemann & Moennig, 1992; Meulenberg et al., 1993a; Conzelmann et al., 1993; Godeny et al., 1993) . Therefore, they probably encode viral membrane-associated proteins. The ORF 6 gene product was found to be the most conserved structural protein between LV and EAV and this may be the case with all the members of the arterivirus group (Conzelmann et al., 1993) . VR 2385 also displayed higher homology in ORF 6 than in ORFs 5 and 7 when compared to the ORFs of LV (Fig. 1) . The ORF 6 gene product of VR 2385 shared 78 % amino acid sequence identity with that of LV, the highest conservation among the three ORFs. The ORF 5-encoded protein of VR 2385 shared only 54% amino acid sequence identity with that of LV. Differences were also found between VR 2385 and LV in the number of the glycosylation sites of these putative proteins. There were two, one and two potential N-glycosylation sites in the products of ORFs 5, 6 and 7 of VR 2385 respectively, compared to two, two and one coded for by the same ORFs of LV (Table 1) .
Sequence alignment between the 3' non-coding regions of VR 2385 and LV revealed a 38 nucleotide sequence addition in the VR 2385 isolate following the stop codon of ORF 7. The 151 nucleotide 3'-terminal non-coding sequence of VR 2385, excluding the poly(A) tail, was the longest non-coding region among those identified in the proposed arterivirus group. The non-coding regions were 114 nucleotides long in LV, 80 nucleotides in LDV and 59 nucleotides in EAV (Conzelmann et al., 1993) . The nucleotide sequence identity in this region between LV and VR 2385 was only 58 %. However, when the 10 nucleotides immediately preceding the poly(A) tail of LV, LDV, EAV and VR 2385 isolates were analysed, high sequence homology was found. For example nine nucleotides were found to be identical in VR 2385, LV and LDV but only four nucleotides were identical in VR 2385 and EAV. Higher sequence homology in the region immediately preceding the poly(A) tail has also been reported in the non-coding regions of many other positive-strand RNA viruses (Strauss & Strauss, 1988; Conzelman et aL, 1993) . The conserved 3' non-coding region may function as an attachment region for the polymerase to initiate synthesis of the negative-strand RNA in the virus replication process, in a similar way to replication in coronaviruses (Kapke & Brian, 1986; Spaan et al., 1988) .
The short sequence motif AACC is probably the leader-junction site of VR 2385, the sequence in subgenomic RNAs where the common leader sequence derived from the 5' end of the genome is joined to the mRNAs during the transcription process (Spaan et al., 1988; Meulenberg et al., 1993a, b; Conzelmann et al., 1993; Chen et al., 1993) . The junction sequences have been reported for other members of the proposed arterivirus group to be UCAAC for EAV subgenomic RNAs 6 and 7 (De Vries et al., 1990; Den Boon et al., 1991) , UAACC for LDV subgenomic RNAs 3, 4, 5 and 7, AAACC for LDV subgenomic RNA 6 and AUACC for LDV subgenomic RNA 2 (Kuo et al., 1992; . More recently the identification of the junction sequences of LV (UCAACC or a very similar sequence) was also reported (Meulenberg et al., 1993 b) . The AACC sites in ORFs 6 and 7 of VR 2385 were 21 and 13 nucleotides upstream of the AUG start codon, compared to 28 and 13 nucleotides upstream in the same ORFs of LV. However, no AACC consensus sequence was found in the region upstream of VR 2385 ORF 5.
Northern blot analysis was used to determine the subgenomic mRNA species in VR 2385 virus-infected CRL 11171 cells. Monolayers of these cells were infected with VR 2385 virus at a m.o.i, of 0.1. At 24 h postinfection, the infected cells were washed three times with cold PBS. The total intracellular RNAs were then isolated by guanidinium isothiocyanate and phenolchloroform extraction (Stratagene). A specific cDNA fragment from the extreme 3' end of the VR 2385 genome was amplified by PCR with a set of primers, PP284 (5' CGGCCGTGTGGTTCTCGCCAAT 3') and PP285 (5' CCCCATTTCCCTCTAGCGACTG 3'), complementary to nucleotides in this region. The cDNA fragment was purified from an agarose gel using a GENECLEAN kit (Bio 101) and labelled with [a2p]dCTP (Amersham) by the random primer extension method described elsewhere (Sambrook et al., 1989) . Total intracellular RNAs (10 lag) from VR 2385 virus-infected and mock-infected CRL 11171 cells were denatured with 6 M-glyoxal-DMSO and separated on 1% agarose gel along with an RNA standard (Gibco). The separated intracellular RNAs were then transferred onto nylon membranes with a PosiBlot pressure blotter (Stratagene) with 10 × SSC. Northern blot hybridization was carried out in a hybridization oven with roller bottles at 42 °C with 50% formamide (Sambrook et al., 1989) . The results showed that the pattern of subgenomic RNA species from VR 2385 virus-infected CRL t 1171 cells was very similar to that of European PRRSV, EAV, LDV and coronaviruses in that virus replication required the formation of subgenomic RNAs (Spaan et al., 1988; De Vries et al., 1990; Den Boon et al., 1991; Plagemann & Moennig, 1992; Meulenberg et al., 1993a; Conzelmann et al., 1993) . The results also indicated that VR 2385 virus-specific subgenomic RNAs represented a 3'-nested set because the probe used in the Northern blot analysis represented only the extreme 3'-terminal sequence. The size of VR 2385 genomic RNA (14-7kb) and six subgenomic RNAs, RNA 2 (3'3 kb), RNA 3 (2.8 kb), RNA 4 (2.3 kb), RNA 5 (1"9 kb), RNA 6 (1.4 kb) and RNA 7 (0-9 kb) were similar to those of LV ( Fig. 2 ; Conzelmann et al., 1993; Meulenberg et al., 1993a) . However, variations in the migration patterns of the subgenomic RNAs among several other U.S. PRRSV isolates have been observed (X.-J. Meng, P. S. Paul & P. G. Halbur, unpublished results), suggesting that considerable genetic variation among isolates from the U.S.A. may also occur. Differences were also observed in the relative amounts of the subgenomic RNAs of VR 2385. For example RNA 7 was the most abundant (Fig.  2) . Low levels of the subgenomic RNAs of VR 2385 were detected as late as 48 to 60 h post-infection (data not shown).
The differences in the three ORFs of LV and VR 2385 were striking, considering that the U.S. PRRSV and the European LV were thought to be the same virus. It is likely that the observed differences in the ability to replicate in various cell cultures between the isolates, and among U.S. isolates, are caused by genetic and antigenic variation. The VR 2385 strain used in this study was isolated on a continuous cell line, CRL 11171, and had been growing in the cell line for several passages before cloning. The other U.S. PRRSV isolates were grown on CL 2621 cells and PAM (Benfield et al., 1992; Bautista et al., 1993) . The LV isolates were exclusively propagated in PAM (Wensvoort et al., , 1992 Wensvoort, 1993) . Differences in the susceptibilities of CL 2621 cells and PAM to the virus were also reported. Not all virus isolates growing on CL 2621 cells replicated on PAM, and vice versa (Bautista et al., 1993) . Genetic and antigenic variation among PRRSV isolates may also be associated with the observed difference in pathogenicity, as VR 2385 virus is highly pathogenic compared to other U.S. isolates and European LV (P. G. Halbur, P. S. Paul & X.-J. Meng, unpublished results). Genetic comparisons of several U.S. PRRSV isolates that differ in pathogenicity are under way.
In conclusion, the U.S. PRRSV isolate VR 2385, like the European PRRSV, is a member of the newly proposed arterivirus group including LDV, EAV and probably SHFV. However, striking genetic variation exists between the U.S. PRRSV VR 2385 and the European PRRSV, indicating that the viruses causing PRRS, PEARS or SIRS are, if they are the same virus, highly variable. VR 2385 may represent a different PRRSV genotype. Further antigenic and genetic characterization of additional PRRSV isolates, both from the U.S. and Europe, is necessary to determine the extent of variation and the differences in pathogenicity among PRRSV isolates.
